This paper describes the construction and testing of a simple, experimental tool setup that enables determination of the pressure-viscosity relationship for high viscosity oils.
Introduction
The pioneering article of Reynolds [1] showed the importance of oil viscosity in lubrication of bearings. Determination of the lubricant viscosity is also required for calculations of film thickness in gears (Hamrock et al. [2] ) or micro-plasto-hydrodynamic pressure build up in metal forming (Üstünyagiz et al. [3] ). For the mentioned examples, the viscosity should be determined at elevated pressures.
Several experimental techniques are available for measurement of the pressure-viscosity relationship. Bridgman [4] introduced the falling body viscometer, where a body is falling inside a pressurized column of liquid and the drag force is related to the viscosity of the fluid. The mathematical foundation for computing the viscosity was improved by Irving and Barlow [5] . Bair and Winer [6] developed the technique of detecting the falling body through a non-magnetic pressure vessel of glass so that the experiment could be visually observed.
Bridgman [7] performed pressure-viscosity measurements of 43 different oils and found that viscosity was increasing with pressure. He suggested a linear relationship until pressures of approximately 100MPa
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where is the viscosity at the pressure , is the viscosity at zero pressure and is a constant. At larger pressures, Bridgman reported a more rapid increase in viscosity than the linear one.
Barus [8] suggested an exponentially increasing viscosity with pressure
where is the pressure-viscosity coefficient.
Chu and Cameron [9] suggested a power law type relationship
where and are constants.
One drawback of measuring the pressure-viscosity relationship is the necessity of investing in dedicated equipment such as a rheometer with a pressure module. If requirements to accuracy are less important and there is no access to such equipment, a simpler The vertical distance between the plates is h << L. The inlet pressure is p 1 and the outlet pressure is p 2 . According to Kundu et al. [11] the volume flow rate ̇ can be computed by
where is the average viscosity in the channel and a linear pressure drop over the channel has been assumed.
Isolating for the viscosity yields
The next section describes the experimental layout and how the different quantities in Eq.
(5) are determined.
Experimental layout and procedure
A test tool setup is manufactured in steel S355. The overall dimensions and setup can be seen in Fig. 2 .
an O-ring. The punch is long enough to ensure that it sticks out through both ends of the container during the whole test. This implies that the length of the clearance between punch and container is constant (100 mm) regardless of the exact position of the punch. The punch is free to move in radial direction and therefore assumed to be self-aligning in radial direction.
The oil can, however, leak through the small clearance between the punch and the container bore, which was machined by reaming for greater accuracy.
After assembly, the tool setup is mounted in a hydraulic press to perform the test pressing the punch into the fluid reservoir thereby causing leakage through the gap between punch and bore. By applying different press loads, varying pressures in the plug reservoir can be achieved. During testing, the punch stroke and the load is recorded in order to determine the volume flow and pressure. The data are recorded by a purpose made LabView program.
The data logging frequency is 100Hz.
The tool setup is enclosed in a steel tube during experiments for safety reasons in case of fracture of the steel parts.
Experimental data and data treatment Houghton CR5 (plain mineral oil) is utilized in the experiment.
The width of the channel is computed as the mean value of the punch and the bore perimeter. Elastic deformations of the metal parts are assumed negligible.
An average of five surface roughness measurements on punch as well as bore yielded Ra,punch = 0,547 μm and Ra,bore = 1,747 μm.
The pressure p 1 (see Fig. 1 ) is computed as the load divided by the punch cross sectional area assuming no friction between punch and container. The outlet pressure p 2 in Fig. 1 is assumed to be zero, which implies that the pressure gradient ∆ ∆ ⁄ = − 1 ⁄ .
The volume flow rate is determined as the punch cross sectional area times the punch velocity, which is the slope of the curve in Fig. 3(b) . Due to the slow punch speed it is assumed that shear rate effects on the viscosity are negligible and the assumption of stationary plates reasonably fulfilled.
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Discussion
From Fig. 4 it can be seen that the pressure-viscosity relationship is approximately linear for the pressure interval investigated. This is in agreement with Bridgmans [7] A c c e p t e d M a n u s c r The resulting viscosity, as function of shear strain rate, can be seen in Fig. 5 . The reference rheometer did not allow increase of the pressure for further comparison.
It should be noticed that the proposed methodology for determining the viscosity at higher pressures is only suitable for oils having a fairly large viscosity. It was attempted to perform the experiment with low viscosity oil, but the leakage flow was so large that too few data points could be recorded before the punch reached the bottom of the reservoir.
This is in agreement with the hyperbolic relationship between volume flow and viscosity shown in Eq. (4).
A further expansion of the experimental equipment could be to build-in a manometer with access to the internal reservoir, thereby measuring the pressure inside the oil directly.
Conclusion
Based on the proposed idea by Kamal [10] to determine viscosity versus pressure by measuring the leakage rate in a clearance seal, an experimental tool setup has been build and tested in practice. The viscosity of a high viscous mineral oil was found to increase List of figure captions 
